In conventional crystalline silicon (c-Si) solar cells, charge-carrier selectivity is usually realized by doping Si. Although this strategy yields good carrier selectivity, the presence of dopants imposes inherent performance limitations due to parasitic absorption and carrier recombination.
Broader context:
Thanks to continuous technological progress, the electricity-generation cost by crystalline silicon (c-Si) photovoltaics has become competitive compared to conventional electricity generation in a steadily increasing number of locations throughout the world. However, to ensure the multiple terawatt generation of photovoltaic electricity, needed to meet globally targetted climate goals, further cost decreases are strongly needed, which then will also allow additional expenses for electricity management through storage or curtailment. This can be done either through power conversion efficiency improvements or through production cost reductions. Although industrial c-Si solar cell technology maintains a fast pace at improving its perfomance, its reliance on heavily doped silicon regions as carrier-selective layers inevitably results in carrier-recombination and light absorption losses. This limits the power output of these devices, unless highly localized electrical contacts are implemented which, in turn, demand sophisticated processing. In recent years, so-called dopant-free c-Si solar cells have been proposed to overcome this issue, by utilizing wider bandgap materials such as metal oxides and metal nitrides to replace doped Si as charge-carrier selective layers. In this study, we show how to achieve such dopant-free contacts with simple, scalable fabrication methods and materials. In particular, we present for the first time how ZnO-based contacts can simultaneously realize efficient electron selectivity and mitigation of parasitic plasmonic light absorption at the rear side of solar cells. This study paves the road to further development of high-efficiency c-Si solar cells with radically simpler fabrication methods compared to the industrial state-of-the-art. Moreover, our contact design may also inspire the design of efficient carrier-selective contacts with an excellent optical performance for other optoelectronic devices, such as perovskite solar cells.
Introduction
Efficient carrier-selective contacts aim at realizing effective separation and collection of photo-generated charge carriers without incurring recombination losses, and are key components to achieve high-efficiency solar cells. In conventional crystalline Si (c-Si) solar cells, carrier-selectivity, along with ohmic-contact formation, is accomplished by heavy doping. 1 At the front-side of the device, this is usually accomplished through dopant diffusion into the c-Si wafer, requiring a high thermal budget (> 800 °C). 2 At the rear side, to lower surface-recombination losses, commercial devices increasingly feature a so-called passivated emitter and rear cell (PERC) structure. This contact consists of a passivating dielectric layer that features holes through which metal electrodes locally contact heavily doped regions. 3 However, despite such process sophistication, these devices still suffer from recombination at their contacts. Moreover, the heavily doped regions also induce optical losses due to free-carrier absorption of infrared light. 4 In recent years, a considerable research effort has been devoted to the development of so-called 'passivating contact' technologies, of which silicon heterojunction solar cells and poly-Si contacted solar cells are prominent examples. 5, 6 Externally to the wafer, both technologies employ thin doped Si layers, overlying thin buffer layers, to accomplish excellent carrier-selectivity with high levels of surface passivation, respectively. Using such contacts leads to simple one-dimensional carrier transport and also suppresses Auger recombination in c-Si, as heavy doping inside the wafer can be avoided. The implementation of such contacts has resulted in devices with outstanding open-circuit voltages (VOC). However, the use of thin, doped silicon layers may still result in some optical losses, especially in the blue part of the solar spectrum when placed at the sunward side due to their limited bandgap, 7 and in its red part where both front and back layers can result in parasitic free-carrier absorption. In addition, these passivating-contact technologies may require capital-intensive equipment for layer deposition.
These drawbacks have stimulated the development of devices featuring alternative carrierselective materials such as metal oxides, 8-10 nitrides, 11, 12 fluorides, 13, 14 and organic materials. 15 Functional contact stacks relying on such electron and hole transport layers (ETLs and HTLs, respectively) are therefore often referred to as "dopant-free" contacts, although the real attractive feature is that these contacts are free of any heavily doped Si region (internal or external to the wafer), resulting in a high optical transparency. Indeed, the optical properties of these novel carrier-selective materials can be tailored to reduce the parasitic absorption compared to doped Si, both in the blue part of the spectrum by using wider bandgap materials, as well in its red part by using dopant-free (or lowly doped) materials that minimize free-carrier absorption losses. Moreover, their fabrication methods are generally simple and only require a low processing temperature (<200 °C). As HTLs, organic semiconductor materials such as PEDOT:PSS, 15 as well as metal oxides (particularly MoOx, 8, [16] [17] [18] NiOx, 19 WOx, 17, 20 V2Ox, 21 ), are at present extensively explored. For example, our research group has successfully demonstrated efficient hole selectivity of MoOx, to replace p-type hydrogenated amorphous silicon [a-Si:H(p)] in silicon heterojunction solar cells. 8 Notably, MoOx has a lower parasitic absorption for short wavelengths due to its higher bandgap. Therefore, solar cells using MoOx as HTL at the sunward side exhibit a higher short-circuit current density (JSC). 22 As ETLs, LiFx, 14, 23 MgOx, 9, 24 MgFx, 13 TiOx, 10, 25, 26 TaOx, 27 TaNx, 11 or alkali/alkaline-earth metal carbonates, 28 combined with a low-work-function metal such as Al, Mg and Ca have been demonstrated to yield efficient electron-selective contacts in c-Si solar cells. Generally, these contacts are placed at the rear side of solar cells. Nevertheless, in all these cases the thickness of the ETLs is limited to a few nanometers to ensure efficient electron selectivity, which inevitably incurs severe parasitic infrared light absorption in the metal due to the excitation of surface plasmon polaritons. 29 Thus, all dopant-free passivating-contact strategies unveiled so far for electron extraction actually have inferior optical performance compared to their siliconbased counterparts, such as silicon heterojunction solar cells. Therefore, following the demonstration of the optical gains in the blue part of the spectrum by using materials such as MoOx as HTL, it is widely accepted that solving the parasitic light absorption issue within the electron-selective contact at the rear is at present one of the most important aspects to further enhance the efficiency of dopant-free carrier-selective solar cells. This will be even more important for their future application in tandem solar cells.
To mitigate plasmonic absorption losses at the rear electrode, a rather thick (e.g., >50 nm) ETL or transparent electrode with a low refractive index should be inserted between the silicon and metal, without sacrificing the electron selectivity. Moreover, as stated, this film should have a low carrier density to avoid free-carrier absorption. 30 We have previously reported that conductive ZnO:Al capped with Al can effectively act as an electron-selective contact in silicon solar cells, but unfortunately its optimal thickness is found to be limited to 2 nm to ensure good electron selectivity, which fails to solve the infrared light absorption problem. 31 In this study, for the first time, we demonstrate an ETL that simultaneously combines good electronselectivity and greatly reduces parasitic light absorption in the infrared wavelengths without the need for any additional transparent electrode such as indium tin oxide (ITO). The key points to construct this structure are the use of (i) a rather thick (several tens of nanometer) ZnO with a low carrier density, but without obstructing the electron flow, (ii) an Al capping metal and (iii) thin LiFx as an interfacial layer between them. Through combining such optically beneficial and electrically efficient electron-selective contact with MoOx as HTL in a single solar cell, and using intrinsic a-Si:H [a-Si:H(i)] film as passivation layers on both device sides, a power conversion efficiency (PCE) of 21.4% is reached. This value is the record PCE for such twoside dopant-free-contact solar cells and is on the level of conventional industrial solar cells. 2 Notably, in addition to substituting for the n-type a-Si:H layer, this strategy allows to use inexpensive ZnO, LiFx and Al as replacement of the typical ITO / Ag stack. Overall, our strategy paves the road towards simple-processed high-efficiency devices with dopant-free contacts. by low-pressure chemical vapor deposition (LPCVD). It is of note that this deposition technique is rather simple and suitable for mass production. As can be seen, there is negligible absorption over a broad wavelength range from 500 nm to 1200 nm. This is confirmed by spectroscopic ellipsometry (SE) measurements, from which the extracted refractive index (n) and extinction coefficient (k) are displayed in Fig. 1(b) . The k value is undetectable over the wavelength range from 500 nm to 1200 nm, indicating low free-carrier absorption. Indeed, Hall-effect measurements reveal that the carrier concentration of the ZnO film is only 4.3×10 16 cm -3 , much lower than the usual conductive films. 30, 32 These results indicate that when applying ZnO as an ETL at the rear side of solar cells, light absorption within this film can effectively be neglected.
Results and discussion
Furthermore, the relatively low n-value (1.8) is beneficial to prevent the evanescent wave from reaching the rear metal, thereby reducing parasitic plasmonic light absorption. 33 From the SE result, the bandgap is extracted to be 3.4 eV, being in good agreement with the value obtained from the Tauc-plot of the optical absorption curve (see Fig. S1 ). The ZnO film is also characterized by ultraviolet photoelectron spectroscopy (UPS), as shown in Fig. 1(c) . The valence band position is estimated to be 7.6 eV using the calculation method discussed elsewhere. 34 The conduction band position of 4.2 eV is obtained by subtracting the bandgap value from the valence band position. From this, it is concluded that the conduction band position of the LPCVD ZnO is situated just below that of c-Si (4.05 eV), which is beneficial for electron extraction. Conversely, there is a large valence band offset between the ZnO and the c-Si (valence band of c-Si is at about 5.17 eV), desirably blocking hole transport from c-Si to ZnO. These results suggest that the LPCVD ZnO has excellent properties to act as an efficient electron-selective, hole-blocking layer for c-Si solar cells. The surface morphology of ZnO on the typical random-pyramidal Si surface texture used in c-Si solar cells is investigated by scanning electron microscope (SEM), as shown in Fig. 1(d) and (e). From the top view image, the ZnO film appears to have a smooth and uniform morphology. The cross-sectional image further shows that the ZnO film is conformally deposited on the micron-sized Si pyramids, which is reportedly different for spin-coated ZnO films. 35 To demonstrate that LPCVD ZnO is an efficient ETL for c-Si and to understand its role in the full electron-selective contact stack, different electron-selective contact structures were fabricated for contact-resistance measurements, as shown in Fig. 2 (a-c). All the top sides of these 'electron-only' test structures feature contacts with the structure c-Si/a-Si:H(i)/a-Si:H(n)/ITO/Ag, which as contact stack has good Ohmic properties, as shown in Fig. S2 . The opposite wafer sides are all passivated by a-Si:H(i) as well, but then respectively capped with Al only, with ZnO/Al, or with ZnO/LiFx/metal (the metal being varied between Al, Cu, and Au) as electron-selective contacts. Note that the thickness of ZnO in all these cases is 75 nm, which is considerably thicker than the typical ETLs employed in previous works as mentioned in the introduction. The thickness of LiFx is 1.5 nm. Fig. 2(d Fig. 2(e) . As can be seen, inserting ZnO and LiFx between a-Si:H(i) and Al leads to a significant decrease in contact resistance. The contact resistance reaches a value as low as 0.136 Ω cm 2 . However, replacing Al with a high-workfunction metal results in an extremely high contact resistance. These results suggest that the ZnO/LiFx/Al stack acts as an efficient electronselective contact. Its electron selectivity depends on the capping metal, despite the fact that the ZnO is rather thick (75 nm). This is because the carrier density in ZnO is low, thus making 75nm-thick ZnO insufficiently thick to completely screen the capping metal electrically. In this case, a low-workfunction metal is still required to achieve good electron-selective contact.
Based on the above results, we choose ZnO/LiFx/Al as electron-selective contact stack in the solar cells. Fig. 2(f) shows the solar cell structure and its best J-V performance. Here, we used a-Si:H(p) as HTL; a-Si:H(i) is again employed as a passivation layer on both wafer sides.
Excitingly, the VOC reaches 716 mV and the fill factor (FF) is 79.2%, demonstrating on device level the electron-selective effectiveness of our ZnO/LiFx/Al contact stack. We note that even without a-Si:H(i) at the rear side, the FF and VOC still reach 77.6% and 629 mV, respectively, as shown in Fig. S3 . This result demonstrates the good electron selectivity of ZnO/LiFx/Al again.
Here, the passivation effect of ZnO is clearly not as good as a-Si:H(i), but sufficient to unpin the Fermi-level and activate the carrier selectivity of the contact stack. Interestingly, although the J-V curve of the contact-resistance-test sample saturates under forward bias voltage, the J-V curve of the solar cell does not exhibit any S-shape behavior or saturation behavior at forward bias voltage. Therefore, the ZnO/LiFx/Al contact appears to perform differently between the contact-resistance measurement mode and solar-cell measurement mode under the same forward bias voltage. We explain such apparent discrepancy with the aid of energy band diagrams in the following. Therefore, the energy band alignment in the electron-selective contact is similar to that at equilibrium, where there is no strong barrier, as shown in Fig. 2(h) . Consequently, no S-shaped J-V curve is observed for the solar cell structure. However, when applying a forward voltage to the contact-resistance-test sample, because the top side [c-Si/a-Si:H(i)/a-Si:H(n)/ITO/Ag] is a known good Ohmic contact, the applied voltage will mainly drop over the other contact, namely the bottom side [c-Si(n)/a-Si:H(i)/ZnO/LiFx/Al], which shows slight Schottky behavior. As a result, the upward band bending in the c-Si(n) near this contact becomes much stronger, as shown in Fig. 2 (i), leading to stronger (electron) depletion in the c-Si wafer close to the contact and a saturation behavior in the J-V curve. Thus, depending on the studied device (contactresistance-test structure or actual solar cell), the band bending on the electron-contact side is different, despite applying the same external voltage. A careful analysis of the J-V curves associated with the test-structure is hence required. Nevertheless, the contact resistance extracted around 0 V (see Fig. 2 (e)) can be used to evaluate the contact performance of the c-Si(n)/a-Si:H(i)/ZnO/LiFx/Al stack in solar cells, since the voltage drop in this contact is close to 0 V under solar cell operation in the active J-V quadrant. We confirmed such a heuristic explanation by numerical simulation (see Fig. S4 ). From our discussion, we conclude that in the design of novel carrier-selective contacts, it may actually be tolerable that contact structures display Schottky behavior, but their contact resistance around 0 V shold be low. A sufficiently low value (for instance, <0.2 Ω cm 2 ) can enable a rather good FF (>80%) in single-junction devices, and an unnoticeable loss in multijunction devices (as they exhibit higher voltage and lower current density under standard operating conditions). After confirming the good electron selectivity of our contact stack, we now turn our attention to the optical performance of the solar cells. Fig. 3(a) shows that both the reflectance and external quantum efficiency (EQE) increase with the ZnO thickness for wavelengths longer than 1000 nm. To acquire further insight, we carried out optical simulations using a wafer ray tracer, as shown in Fig. 3(b) and (c). The simulated structure is the same as our experimental solar cells (except that the 1.5-nm-thick LiFx is not considered for the simulations). Both the simulated absorptance in the wafer and the escape reflectance increase in the infrared wavelength range with increasing the ZnO thickness, being in accordance with the increase of the experimental EQE and reflectance. Note that the escape reflectance is comprised of light that first enters the Si wafer, which is then internally reflected at the rear surface, followed by an escape from the front surface. The experimental reflectance includes the escape reflectance and the external reflectance from the front surface. Fig. 3(c) further shows that the absorptance in the rear Al decreases with increasing the thickness of ZnO, which is explained by the limited reach of the evanescent wave, and thus the reduced plasmonic absorption loss at the rear Al electrode. 29 Therefore, combining experimental and simulation results, we conclude that a thicker ZnO film is more beneficial for reducing the infrared light absorption in the rear Al layer and thus more light is reflected back into the Si wafer. This results in both enhanced absorption in the Si wafer and escaped light from the front surface, so the measured EQE and reflectance of solar cells are increased.
As a direct result, JSC notably increases with increasing the thickness of ZnO from 0 nm to 125 nm, as displayed in Fig. 3(d) . It is also important to note that despite the increased thickness of ZnO, the VOC remains almost the same as long as the thickness is below 100 nm; it even shows a slight increase. Fig. 3(e) shows that the series resistance (Rs) of the solar cells at the maximum power point increases slightly with the ZnO thickness when the thickness is below 100 nm, and hence there is only a little loss in FF. Consequently, the solar cells using 50-nmthick or 75-nm-thick ZnO as electron-selective film have the highest average efficiency, as shown in Fig. 3(f) . The best solar cell of such a hybrid structure [a-Si:H(p) as HTL, ZnO/LiFx/Al as electron-selective contact], whose ZnO thickness is 75 nm, has a PCE as high as 21.6% with VOC=716 mV, JSC=38.1 mA/cm 2 and FF=79.2%. The J-V curve is shown in Fig. 2(f) . These results clearly demonstrate that the JSC can be improved by using a rather thick ZnO film (compared with most of other reported ETLs, usually of only a few nanometers thin) to reduce the infrared light absorption loss, while good electron selectivity is maintained. Also, this is beneficial for reducing the device fabrication cost, by replacing the rear ITO, commonly used in silicon heterojunction solar cells, with ZnO to alleviate the infrared-light absorption loss. Following the implementation of our efficient electron-selective contact with low infrared light absorption at the rear side, we replaced the front a-Si:H(p) HTL with MoOx, thereby forming two-side dopant-free-contact solar cells. Fig. 4(a) shows the schematic diagram of such a solar cell. Here, 4-nm-thick evaporated MoOx is used as HTL and 75-nm ZnO/1.5-nm LiFx/Al as electron selective contact. As observed in Fig. 4(b) , its VOC, JSC, FF are 706 mV, 39.2 mA/cm 2 and 77.3%, respectively. The PCE reaches a value as high as 21.4%, which is the highest value for solar cells with fully dopant-free contacts on both device sides and is 0.7% (absolute value) higher than the previous record. 36 The 'pseudo' J-V curve, obtained from Suns-VOC measurements, shows a VOC of 707 mV, similar to the value obtained from the 1-Sun J-V curve. Based on the EQE measurement between Ag grids, the calculated JSC according to AM 1.5G spectrum is 40.3 mA/cm 2 [Fig. 4 (c) ]. Taking a metal shading fraction of 3% into account at the device front, the calculated JSC of the solar cell is 39.1 mA/cm 2 , confirming the JSC value from the 1-Sun J-V measurement. We also show the EQE curve of a hybrid solar cell [a-Si:H(p) and ZnO/LiFx/Al as HTL and electron-selective contacts, respectively] in Fig. 4 (c) for comparison. The two-side dopant-free-contact solar cell shows a striking improvement in its short wavelength response compared to the hybrid solar cell because of the higher transparency of MoOx, compared to a-Si:H(p). 8, 22 Therefore, the rather good JSC comes now from the combined effects of the improved blue spectrum response due to the use of the thin MoOx and the reduced infrared parasitic light absorption owing to the rather thick ZnO film. We note that MoOx and ZnO have been used as carrier-selective contacts in a single solar cell before, but the PCE was limited to only 16.6% with VOC, JSC, and FF values much lower than the ones reported here. 37 Indeed, one of the key enabling factors in our device is that a high electron selectivity and low optical loss are simultaneously realized by the combination of a thick ZnO layer in conjunction with LiFx/Al, rather than ZnO/Ag in the earlier report. 37 Fig. 4(d-f) show the cross-sectional scanning transmission electron microscopy (STEM) highangle annular dark-field (HAADF) image, energy-dispersive X-ray spectroscopy (EDX) map and corresponding line profile after background subtraction across the hole-selective contact and electron-selective contact of the solar cell, respectively. These data confirm the elemental composition and microstructure of the dopant-free contacts presented here. For the holeselective contact, slight intermixing between different layers seems to occur, which may partially result from a projection artefact linked to the small roughness of the MoOx/ITO interface. For the electron-selective contact, a more distinct interface between the different layers is present, indicating no obvious intermixing. Moreover, a thin SiOx film is seen at both the MoOx/a-Si:H(i) and ZnO/a-Si:H(i) interfaces, but without obvious detrimental effect on device performance. Such interfacial reaction has been observed in the past 38, 39 and results from the higher affinity of O to Si compared to Zn or Mo.
Conclusion
In summary, the ZnO (75-nm)/LiFx (1.5-nm)/Al stack has been demonstrated as an efficient electron-selective contact with parasitic low infrared light absorption. The contact resistance from wafer to Al electrode is 0.136 Ω cm 2 , and a FF of 79.2% and a VOC of 716 mV are reached, clearly demonstrating its efficient electron-selective properties. This is found to stem at least partly from the low workfunction of the LiFx/Al bilayer, despite the fact that the ZnO is as thick as 75 nm. Through material characterization, we revealed that the ZnO is optically highly transparent for long wavelengths due to its low free carrier density. Increasing the thickness of 
Methods
For contact resistance measurement, n-type float zone (FZ) c-Si wafers were used as substrates.
Their thickness was around 180 μm and resistivity was about 2.1 Ω cm. In the first group, both sides of a textured wafer were symmetrically covered with (~7 nm) a-Si:H(i) and (~10 nm) n a-Si:H films by plasma-enhanced chemical vapor deposition (PECVD), and further symmetrically capped with (~150 nm) ITO and Ag by DC magnetron sputtering. With such structure, the contact resistance between c-Si(n) and a-Si:H(i) /a-Si:H(n)/ITO/Ag was obtained.
In the other groups, one side of the textured wafers were covered with a-Si:H(i)/a-Si:H(n)/ITO/Ag, and the other sides were covered with Al, ZnO/Al, ZnO/LiFx/Al, ZnO/LiFx/Au or ZnO/LiFx/Cu. Here, ZnO was deposited by LPCVD at 100 °C and its thickness was controlled to be 75 nm. The thickness was estimated from measuring the thickness of ZnO on glass and then being divided by a morphology ratio of 1.5. LiFx, Al, Au, and Cu were grown via thermal evaporation as hole-selective films. In the following, the front sides were further covered with a 75-nm-thick ITO film by magnetron sputtering with using a shadow mask to define 2 cm × 2 cm area, and covered with Ag grids by screen printing, followed by curing at 210 °C (for hybrid cell) or 130 °C (for bifacial dopant-free-contact cell). Then the rear sides were coated with ZnO films by LPCVD at 100 °C. Its thickness was controlled by deposition time. Subsequently, the samples were annealed at 150 °C for 30 mins in the air atmosphere, and finally, the rear sides of the samples were capped with 1.5-nm-thick LiFx and Al via thermal evaporation.
Optical simulations: The optical simulation was carried out by wafer ray tracer calculator in PV Lighthouse to obtain the absorptance in the wafer, absorptance in the rear films and internal reflection. The simulated structure was the same as the experimental solar cell except that LiFx was not included. Optically, it is acceptable to neglect the LiFx film because it was only 1.5 nm in the solar cells. The LPCVD ZnO with low k was used in the ZnO layer.
Material and device characterization: For all the following characterization, ZnO film was annealed at 150 °C for 30 mins in air atmosphere as that for solar cells. For optical absorptance measurement, ZnO film was deposited on fused glass. Its reflectance and transmittance varying with wavelength were measured by a spectrophotometer (Lambda-950, Perkin Elmer).
Absorptance was obtained through subtracting reflectance and transmittance from 1. The carrier concentration of the ZnO film was obtained by Hall-effect measurements, which were performed on Lake Shore analyzer at room temperature dark conditions. Samples (10x10 mm 2 ) were prepared in Van der Pauw geometry on soda-lime glass substrates. The contacts for the electrical measurements were made by conductive silver paste. The ohmic behavior of the contacts was confirmed by the linear variation of the I-V characteristics, which was observed to be independent of the polarity of the applied current and the contact combinations for each sample. Measurements were done under 10 kG magnetic field. UPS measurements were performed in Kratos Axis Supra DLD spectrometer using a He I excitation (hν = 21.22 eV). A bias of 9 V was applied to the sample surface for UPS measurements. Samples were mounted in contact mode for the UPS measurements. For spectroscopic ellipsometry measurement, the 
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